Introduction
============

The social orienting hypothesis is the idea that social animals take cues about where to direct their attention from other members of their social group. It posits a natural link between social cues and visual spatial attention. Behavioral correlates of social orienting have been reported in humans and non-human primates (Deaner and Platt, [@B3]; Nummenmaa and Calder, [@B19]; Hill et al., [@B9]). Faces are a natural source of attentional cues that seem to be inherently social. However, gaze direction is a complex visual cue and the specifically social component may be difficult to isolate. Given that animals are more likely to engage in social interactions within their own species, one might predict that if gaze is inherently social, then attention to gaze cues in monkeys should depend on whether the cue is conveyed by another monkey, a human, or other face-like stimulus. In the current study we tested whether orienting of attention to gaze direction in macaques is restricted to cues of conspecifics or if it generalizes to other species or even cartoon drawings of faces. Attention to facial cues may also depend on how realistic and reliable the cue is. Thus, we also tested whether gaze cues are enhanced by adding motion to the cue stimulus, or by making the cue more reliably predictive of reward.

Spatial attention is automatically guided toward salient and or unpredictable stimuli such as a flash of light or a loud noise (reflexive or exogenous orienting of attention). However, less salient cues such as arrows may also orient attention if they reliably predict the occurrence of a relevant stimulus at a particular location in space (endogenous orienting of attention; Jonides, [@B11]; Nakayama and Mackeben, [@B18]). Orienting to gaze cues may be an automated or reflexive form of endogenous orienting: it assumes that attention is guided by an innate tendency to orient to stimuli that are being attended by conspecifics. As direction of gaze is highly correlated with the locus of attention (Baron-Cohen, [@B2]), gaze-following is thought to be an important indicator of social orienting.

Orienting of attention to gaze direction has been studied using an endogenous version of the Posner paradigm (Posner, [@B20]). In this task, subjects view a picture of a face with gaze averted toward one side, giving the impression that the depicted subject is fixating an object of interest located somewhere off to the side. Human subjects respond significantly faster when asked to make a saccade in same compared to the opposite direction that the depicted subject is attending to (Driver et al., [@B4]; Friesen and Kingstone, [@B6]; Friesen et al. [@B7]; Ristic and Kingstone, [@B22]; Ristic et al., [@B23]; Tipples, [@B27]). It is important to note that this orienting effect can be considered automatic or reflexive because it reliably occurs in situations when direction of gaze has no predictive value (Friesen and Kingstone, [@B5]; Driver et al., [@B4]; Langton and Bruce, [@B16]; Langton, [@B15]; Deaner and Platt, [@B3]).

Similar effects of orienting to gaze direction have also been reported in non-human primates. Face processing and gaze-following behavior in monkeys are special perceptual processes that are innate, and infant monkeys reared with no exposure to any faces are able to discriminate human faces as well as monkey faces (Sugita, [@B24]). Gaze-following in Barbary monkeys develops within the first year of life with a rapid increase between the fifth and sixth month. Such gaze-following behavior was shown to enhance when accompanied by a facial expression (Teufel et al., [@B26]). The effect of social cues on choice behavior has been studied in chimpanzees (Horner et al., [@B10]; Martin et al., [@B17]). Face recognition and responses to facial expression develop within the first 2 months in infant chimpanzees, but learning of gestural cues such as pointing may take much longer in this species (Tomonaga et al., [@B28]).

In rhesus monkeys (*Macaca mulatta*) Deaner and Platt ([@B3]) have shown that the direction of gaze or orientation of the head elicit reflexive orienting of attention. These studies suggest that there is a similar neural circuitry mediating social attention in humans and macaques. However, several important questions regarding the precise role of gaze cues in guiding attention remain open. For example, it is not known whether macaques use gaze cues only from conspecifics or if the effect generalizes to other species such as humans. Similarly it is not know whether the effects of gaze cues are uniquely social or if similar effects can be elicited with non-face cues that presumably have little or no social meaning for macaques. Also, in real life, gaze cues are never encountered as static faces images, but are conveyed by motion (gesture) such as a glance. Finally, the value of gaze cues is related to their ability to signal useful information such as reward prediction. To date the interactions between gaze cues and motion or prediction of reward have not been investigated.

In our study, we explored these open questions through two psychophysical experiments, the Reflexive Orienting (RO) task and the Learned Orienting (LO) task. In the RO task, we used static as well as dynamic versions of face and non-face stimuli to study the interaction between gaze direction cues and motion. In the LO task, we investigated whether reward predictability differentially affects orienting to both face and non-face cues. In contrast to the RO task, cue stimuli in the LO task reliably indicated the location of the rewarded target. Orienting to predictive cues in a social setting could allow additional flexibility, such as knowing when it is appropriate to look toward a peripheral target or look away (Hill et al., [@B9]). We were interested to what degree monkeys voluntarily orient to cues from other monkeys in comparison to humans, cartoons, or non-face spatial cues. Consistent with previous work (Deaner and Platt, [@B3]), static images of conspecific faces elicited a reflexive orienting effect in monkeys. This effect was not present for human or cartoon-face cues, suggesting an intrinsic species-specific attention orienting mechanism. When dynamic images were used in the RO task, a congruence effect was observed across all face and non-face stimuli presented. However, motion cues had little to no additional effect on the magnitude of the congruence effect for the conspecific faces. In the LO task, results indicated that the learned component of orienting was not any greater for face cues than non-face cues. However, the largest improvements in accuracy and choice reaction time, behavioral outputs associated with decision-making, were obtained with monkey-face cues. We suggest that gaze cues may be equally if not more important for decision-making than for reflexive orienting of attention.

Materials and Methods
=====================

Experiments were performed on three adult male rhesus monkeys (*M. mulatta*) weighing between 7 and 12 kg. All methods were approved by the Institutional Animal Care and Use Committee at Columbia University and the New York State Psychiatric Institute, and adhere to the ARVO Statement for the Use of Animals in Ophthalmic and Visual Research. Monkeys were housed in a room with 20--25 other monkeys. They were able to interact and socialize with a partner animal directly or through a transparent plastic separator. They interacted directly with humans on a daily basis. Monkeys were prepared for experiments by surgical implantation of a post used for head restraint. Eye position was recorded using a monocular scleral search coil system. All surgical procedures were performed using aseptic technique and general (isoflurane 1--3%) anesthesia. Monkeys selected for this behavioral study also participated in single-cell recordings. Even though less invasive eye tracking procedures were available, the monkeys were already implanted with eye coil and headpost prior to this study for physiology experiments. Monkeys were trained to sit in a primate chair for the duration of the experiment with their heads restrained and perform the behavioral tasks. Monkeys were water restricted and received liquids for performing the behavior tasks. Monkeys received water or tang according to preference. For every correct trial, subject received 0.2 ml of juice for performing a trial. The total amount of water was not limited by the experimenters. Monkeys were allowed to continue to receive fluids as long as they were willing to perform the task. Each monkey completed between 800 and 1200 trials per session and received about 150--300 ml per session. Monkeys generally received supplemental fluids or fruit after each session.

Visual stimulation and eye movement recordings
----------------------------------------------

Visual stimuli were generated and controlled by a Cambridge Research Systems VSG2/5 video frame buffer. The output from the video board was displayed on a calibrated 37-in color monitor (Mitsubishi) with a 60-Hz non-interlaced refresh rate. The monitor stood at a viewing distance of 24 in so that the display area subtended roughly 40° horizontally by 30° vertically. The spatial resolution of the display was 1280 pixels by 1024 lines. The visual stimuli used during the task consisted of a 0.5° square red fixation cue, a 15.2° × 12.2° stimulus, followed by one or two 1.0° circular red saccade target 14.3° from the center. All images used in the tasks (monkey images: Yerkes Regional Primate Center, human images: Sanderson and Paliwal, [@B25]) were edited and processed in Photoshop CS2 (Adobe). All stimuli were presented on a uniform black background. The frame buffer was programmed to send out digital pulses (frame sync) for timing purposes at the beginning of each video frame in which a target was turned on or off. These pulses were recorded by the computer using a hardware timer and stored together with the neuronal and eye movement data.

Eye position was monitored using a monocular scleral search coil system (CNC Engineering). The eye position signals were then digitally sampled by computer at 500 Hz per channel, digitized with 12-bit resolution and stored on a disk for offline analysis. Eye velocity was computed from eye-position using a differentiating digital filter (Gaussian first derivative). Eye position and velocity were used to estimate saccade latency, amplitude, and velocity. Saccade onsets and offsets were computed using an acceleration criterion.

Behavioral paradigms
--------------------

Three monkeys (monkeys F, C, and H) were tested in a Reflexive Orienting (RO) task (Figure [1](#F1){ref-type="fig"}B) and two monkeys (monkeys F and C) in the Learned Orienting (LO) task (Figure [1](#F1){ref-type="fig"}C) separately. For both tasks, stimulus image categories included face or face-like cues (a monkey, human, or cartoon face looking to either the right or left) and clearly non-facial cues (an asymmetric form such as an oval with an off-center dot; Figure [1](#F1){ref-type="fig"}A). Each stimulus category consisted of 6--10 different images. The RO task employed both static and dynamic cue stimuli, whereas the LO task consisted of only dynamic cues. Static cues were photographs of faces looking to the left or right, or ovals with an off-center dot. Dynamic cues consisted of two-frame motion. In the first frame, the face was looking straight ahead (or the dot was centered in the oval). In the second frame, the eyes looked to the left or right (or the dot in the oval was offset). The change in horizontal position of the eyes or dot was the same (1°) across all stimuli.

![**Experimental paradigm**. **(A)** Examples of stimuli used. **(B)** Schematics of the Reflexive Orienting (RO) Task. Animals directed their gaze to the fixation spot, and after 500 ms delay, static or dynamic cue stimuli were shown at random. After a variable SOA, a peripheral target appeared either on the cued or un-cued one side of the stimulus. Animals made saccades to the target to receive reward. **(C)** Schematics of the Learned Orienting (RO) Task. Only dynamic cues were used for the LO task. Thirty percent of the trials consisted of single target trials, where the center cue had no predictive value regarding target location. The other 70% of trials were dual target trials in which the central cue correctly predicted reward location. Saccades made to the distractor target were not rewarded and counted as incorrect trials. **(D)** RT was calculated as the time from target-onset (not cue onset) to the initiation of the saccade.](fpsyg-03-00202-g001){#F1}

The RO task tested whether monkeys would orient toward the direction implied by a cue stimulus, even though this cue did not predict the location of the saccade targets. In the static version of this task (Figure [1](#F1){ref-type="fig"}A), each trial was initiated when the monkey fixated on a small red square (0.5° width) in the center of the video display presented on a dark background. The monkey continued to look at the fixation stimulus for a delay period of 500--2000 ms (delay times were drawn from a uniform random distribution). After the delay, the cue stimulus (face with averted gaze or off-center dot) was presented in the center of the display while the monkey continued to fixate there. After a further 50- to 550-ms delay (random uniform distribution), a single peripheral saccade target appeared either to the left or right of the cue (the target size was 1°, and the horizontal location was 14.3° from the center of the display). The location of the peripheral target was randomized as was the direction of gaze or dot offset of the cue stimulus. Hence, the cue was not predictive of the target location. If the target position happened to be consistent with the cue direction, the trial was classified as congruent; otherwise the trial was classified incongruent.

In the dynamic version of the RO and LO tasks, a cue stimulus was presented during the initial delay period of 500--2000 ms. This stimulus was either a face with eyes directed straight ahead or a centered dot. The red fixation target was superimposed on the cue image. At the end of the first delay, the cue image was replaced with an image that was identical except that the eyes or dot were offset to the left or right. This created the two-frame motion mentioned above. Except for the appearance of the cue in the first delay interval, the static and dynamic cue trials were identical.

The monkeys were rewarded with juice or water for making a saccade to the peripheral target. If eye position moved outside the fixation window before the peripheral target appeared, the trial was aborted without reward.

For the LO task, the timing of the fixation spot, stimulus cue, and peripheral target was identical to the RO task. In this task (Figure [1](#F1){ref-type="fig"}C), a single peripheral target was presented on 30% of trials and the location of this target was not predicted by the cue stimulus. These trials were identical to the dynamic version of the RO task, and served as control trials in the LO task. However, on the remaining 70% of trials, two identical peripheral stimuli were presented. One stimulus (the "target") was congruent with the cue, and the other (the "distractor") was presented on the opposite side. On these trials, the cue was always congruent with the target, and the monkey was rewarded only if he looked at the target. Unlike the RO task, only dynamic stimuli were used. Single (0 distractor) and double (1 distractor) target trials were randomly interleaved in the ratio 3:7. Single and double target trials were indistinguishable to the subject until the targets appeared.

Stimulus salience
-----------------

The different classes of image used in these experiments varied not only in terms of high-level content, but also with respect to low level image characteristics, specifically, spatial frequency content and motion energy. To explore whether these image properties might have contributed to the behavioral effects described above, we quantified the spectral energy content of the five classes of image: cartoon face (Cface), static dot on white background (Dots1), moving dot on textured background (Dots2), human face (Hface), and monkey face (Mface). Figure [2](#F2){ref-type="fig"}A shows the Fourier frequency spectrum of each image. For each spatial frequency, energy was averaged over all orientations.

![**Spatial frequency content and motion energy of stimulus images**. **(A)** Fourier frequency spectrum averaged over all orientations for each stimulus category. **(B)** Motion energy computed by Adelson and Bergen ([@B1]) model with filters optimally tuned to the direction and speed of pupil motion in each image class.](fpsyg-03-00202-g002){#F2}

For dynamic stimuli, we computed motion energy (Figure [2](#F2){ref-type="fig"}B) using a direct implementation of the model described by Adelson and Bergen ([@B1]). The parameters of the model were optimized for each image class individually. Of all stimuli used, cartoon-face cues and spatial dot cues possessed the strongest motion energy due to the fact that they had the highest contrast features.

Data analysis
-------------

The RO and LO tasks had 32 conditions \[4 stimulus types (monkey face, human face, cartoon face, off-center dot) × 2 cue motion conditions (static or dynamic) × 2 gaze directions (left/right) × 2 target directions (left/right)\]. Trials were classified as congruent if the gaze direction of the cue image was the same as the target direction, and incongruent if the target direction was opposite to the cue direction. Static and dynamic versions of the RO task were collected in separate alternating sessions. The 0 distractor and 1 distractor trials of the LO task were randomly interleaved within a session.

Saccades in both tasks were quantified as horizontal eye displacements with a minimum amplitude of 7.15° (i.e., saccades that stopped less than half way to the target were excluded). Saccades were divided into three categories: anticipatory saccades, microsaccades, and reactive saccades (Figure [1](#F1){ref-type="fig"}D). Reactive saccades were defined as those initiated after the target-onset, and were rewarded if they landed within a 6° window centered on the peripheral target. Anticipatory saccades were those initiated prior to target-onset. Anticipatory saccades accounted for less than 5% of all saccades. Microsaccades were defined as those with horizontal displacements less than 1.0°. Anticipatory saccades and microsaccades were not rewarded.

Reaction time (RT) was measured relative to the onset of the peripheral target, not the onset of the cue. We define cue onset as the time when the face cue appeared for static trials, or the time when the face cue shifted gaze for dynamic trials. The asynchrony between cue and target-onsets varied randomly from 50 to 500 ms. Because shifts of attention are assumed to be triggered by the cue and tend to be transient, it is typical to measure attentional effects as a function of "stimulus onset asynchrony" (here, the difference between cue and target-onset) and then restrict analysis to a range of SOAs that have significant effects. In this study, we combined data across all SOAs.

Prior to statistical tests, RTs were normalized in the following manner: First, trials were grouped by monkey, session, saccade direction, stimulus category, cue type (static or dynamic), number of distractors, and saccade type (anticipatory vs. target-evoked), but not by congruence. The mean RT was calculated within each group. The appropriate mean RT was subtracted from the RT on each trial. Only reactive saccades were used to calculate the congruence effect. Normalized mean RTs were combined across monkeys and sessions, but weighted due to the fact that the two monkeys had unequal amount of sessions and data. A modified version of the weighted two-tailed *t*-test was used to test for significance, where weighted mean and weighted variance replaced mean and variance in calculating *t*-value. ANOVA was used to test the effects of stimulus category on un-normalized RT. A binominal test was used to quantify whether the number of microsaccades and anticipatory saccades made in the direction of the cue was above chance.

Results
=======

Reflexive orienting task
------------------------

Examples of single trial eye movement behavior superimposed on the stimulus images are shown in Figure [3](#F3){ref-type="fig"}. The red fixation target was either centered between the eyes of the face cues or directly overlapping the dot cues. The fixation window was large enough to allow the subjects to explore the entire face image. Subjects preferentially looked at the eyes prior to making saccades directed toward the peripheral target.

![**Eye position superimposed on stimulus images**. Direction of gaze from an example session (700 trials) was superimposed on examples taken from each stimulus category. The amount of time the subject spent looking at a particular spot on the stimulus image was indicated by the heat-map color distribution. For both frame 1 (direct gaze) and frame 2 (averted gaze), the subject spent longest looking at the eyes of monkey-face, cartoon-face, and human-face stimuli.](fpsyg-03-00202-g003){#F3}

We examined the effect of congruence by looking at RT differences between congruent and incongruent trials. The congruence effect has been suggested to reflect intrinsic or reflexive orienting of attention in the direction indicated by the gaze cue (Deaner and Platt, [@B3]). The number of sessions and trials for each monkey were as follows: Monkey C: 7 sessions, 5363 trials; Monkey F: 13 sessions, 8970 trials; Monkey H: 10 sessions, 9140 trials. Data were normalized by grouping trials by monkey, session, saccade direction, and stimulus type. The mean RT within each group was subtracted from sample RT on each trial. The results are shown in Figure [4](#F4){ref-type="fig"}A. A significant main effect for congruence (congruent vs. incongruent trials) was observed (ANOVA, main effect: *df* = 1, *F* = 8.87, *p* = 0.0029). *Post hoc* weighted *t*-tests confirmed previous findings that static conspecific face cues elicited a significant congruence effect (RT difference: 5.3 ms, weighted two-tailed *t*-test: *p* = 0.05). A congruence effect was also observed for a simple off-center dot stimulus (RT difference: 7.9 ms, *p* \< 0.001). In contrast, human- and cartoon-face cues did not elicit significant congruence effects. The overall reaction time distributions for congruent and incongruent trials are shown in Figure [4](#F4){ref-type="fig"}B.

![**Congruence effect observed for RT in the Reflexive Orienting (RO) task**. Normalized reaction time (weighted mean ± weighted SEM in ms) for congruent and incongruent trials per stimulus category was calculated for both monkeys (F, C, and H). **(A)** Using static cues, congruency effects on RT were observed for monkey-face and spatial dot cues (\**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001). **(B)** Density distributions of RTs calculated relative to target-onset for congruent and incongruent trials in the RO task with static cues. **(C)** Using dynamic cues, congruency effects were observed across all stimulus types (\**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001). **(D)** Density distribution of saccadic RTs relative to target-onset for congruent and incongruent trials in the RO task with dynamic cues.](fpsyg-03-00202-g004){#F4}

In nature, gaze cues rarely occur as static images, but are signaled by a gesture, such as gaze shift or glance. We mimicked gaze shifts with a two-frame motion stimulus, which we refer to as a "dynamic cue." In the first frame, the eyes of the cue face looked directly at the subject. In the second frame, the eyes were diverted either to the left or the right. The time interval between the onset of the first and second frame was 17 ms. Dynamic face and non-face stimuli were used in the RO task to assess the impact of motion on the congruence effect (Figure [4](#F4){ref-type="fig"}C). A main congruence effect was observed (ANOVA, main effect: *df* = 1, *F* = 72.38, *p* \< 0.001). Motion enhanced the congruence effect for monkey-face cues (RT difference: 6 ms, *p* \< 0.001), non-social off-center dot cues (RT difference: 10.2 ms, *p* \< 0.0001), cartoon-face cues (RT difference: 5.5 ms, *p* = 0.0037), and human-face cues (RT difference: 8.8 ms, *p* \< 0.0001). While the magnitude of the congruence effect was greatly enhanced for human-face cues (10 ms) and cartoon-face cues (4 ms), motion enhanced the congruence effect of conspecific face cues by a negligible amount (0.7 ms). The overall reaction time distributions for congruent and incongruent dynamic trials are shown in Figure [4](#F4){ref-type="fig"}D.

Learned orienting task
----------------------

While the RO task examined the reflexive orienting of attention through face and non-face cues, the Learned Orienting (LO) task investigated the role of reward predictability on the orienting of attention. In the LO task, the gaze direction of the face stimuli and the spatial offset of non-face stimuli indicated which of two peripheral target was associated with reward. The numbers of sessions and trials for each monkey were as follows: Monkey C: 9 sessions, 5224 trials; Monkey F: 8 sessions, 5418 trials. During the learning period of the LO task, the accuracy of both subjects steadily improved, and the RT differences between correct and incorrect trials also increased with learning (Figures [5](#F5){ref-type="fig"}A,B). Additionally, both subjects demonstrated the biggest learning effect for non-face off-center dot cues, followed by monkey-face cues (Figures [5](#F5){ref-type="fig"}C,D).

![**Reaction times and percent correct during learning sessions**. Normalized reaction time (weighted mean ± weighted SEM in ms) for congruent and incongruent trials were calculated for monkeys C and F. **(A,B)** Significant congruence effects (shorter RTs for correct trials, and longer RTs for incorrect trials) developed over the course of nine and eight learning sessions for both monkeys (\**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001). **(C,D)** Accuracy improved for all stimulus categories as a function of learning sessions for both monkeys.](fpsyg-03-00202-g005){#F5}

After the training period, the LO task was modified to include 30% of trials with a single peripheral target (0 distractor trials). For these trials, the cue did not predict the location of the peripheral target (50% congruent-to-cue). The 0 distractor trials were thus identical to the dynamic cue version of the RO task, and serve as a cross-task comparison between reflexive orienting and learned orienting. It should be noted that these 0 distractor trials in the LO task were governed by somewhat different rules than the remaining 70% of trials, which had 1 distractor. In the 0 distractor trials, the rule was "look at the peripheral stimulus regardless of the direction of the cue." In the 1 distractor trials, the rule was "look at the peripheral target that is congruent with the cue."

The effect of congruence for the 0 distractor trials in the LO task was similar to that observed in the dynamic cue version of RO task (ANOVA, main effect: *df* = 1, *F* = 31.32, *p* \< 0.001; Figure [6](#F6){ref-type="fig"}A). Significant congruence effects were observed for monkey-face cues (weighted two-tailed *t*-test: *p* = 0.003), non-face off-center dot cues (*p* = 0.0001), and human-face cues (*p* = 0.014), but not for cartoon-face cues.

![**Congruence effect for social and non-social cues in the LO task**. **(A)** In the 0 distractor (single target) condition, congruence effects were observed for monkey-face, spatial dot, and human-face cues (\**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001). **(B)** In the 1 distractor condition, mean percent correct and weighted mean RT differences between correct and incorrect trials were plotted. RT differences between correct and incorrect trials were significant across all stimulus types, with shorter latencies for congruent saccades. Accuracy was highest for off-center dots (68%) and followed by monkey-face cues (63%).](fpsyg-03-00202-g006){#F6}

Accuracy for 1 distractor trials (Figure [6](#F6){ref-type="fig"}B) was above chance but far short of ideal performance (mean percentage correct: monkey-face = 62.55, off-center dot = 67.89, cartoon-face = 56.08, human-face = 57.59). This could possibly be attributed to the partial conflict between 0 and 1 distractor trials as noted above. Mean RT for correct trials was significantly shorter than mean RT for incorrect trials (ANOVA, main effect on RT difference: *df* = 1, *F* = 125.52, *p* \< 0.0001). The magnitude of the RT difference was greatest for monkey-face cues, but significant for all stimulus categories (monkey-face: RT difference = 18.8 ms, *p* \< 0.0001, off-center dot: 10.7 ms, *p* \< 0.0001, cartoon-face: 12.5 ms, *p* \< 0.0001, human-face: RT difference = 10.1 ms, *p* \< 0.0001).

Anticipatory saccades
---------------------

We defined "reactive" saccades as those initiated more than 100 ms after the onset of the peripheral target. In both the LO and RO task, over 90% of saccades made were reactive saccades. The remaining population of saccades, which we termed anticipatory saccades, had RT less than 100 ms (some of these saccades had negative RT, i.e., they were initiated prior to target-onset). Reactive saccades might be driven by both the cue and the peripheral target. Anticipatory saccades have only 100 ms (or less) to incorporate information about the peripheral target, but up to 550 ms to incorporate information about the cue. Hence, anticipatory saccades might reflect a tendency to imitate or "mirror" the behavior of the cue stimulus. In this case, one would expect the majority of anticipatory saccades to be congruent with the cued direction and to occur more frequently for cues that elicit stronger automatic orienting.

In the RO task, the cues that evoked the highest proportion of anticipatory saccades were the monkey faces. The total number of anticipatory saccades was two to six times greater for monkey faces than for the other cue categories (Figure [7](#F7){ref-type="fig"}A static trials: 1.3%, Figure [7](#F7){ref-type="fig"}B dynamic trials: 5.4%). For static cues (Figure [7](#F7){ref-type="fig"}A), anticipatory saccades were more likely to mirror the cue if it was a monkey-face cue (binominal test: *p* = 0.049) or a cartoon-face cue (binominal test: *p* = 0.037). However, for dynamic cues, the anticipatory saccades did not show a significant tendency to mirror the cue stimulus; monkeys were equally likely to make an anticipatory saccade in the same direction as the cue (congruent) as they were to saccade in the opposite direction (incongruent, Figure [7](#F7){ref-type="fig"}B). The total number of anticipatory saccades increased for dynamic monkey-face cues and cartoon-face cues.

![**Distribution of anticipatory saccades in RO and LO tasks**. **(A,B)** Percentages of anticipatory saccades in the RO task for static trials **(A)** and dynamic trials **(B)**. Binominal tests showed that for static monkey-face cues and cartoon-face cues, anticipatory saccades were significantly more likely to be in the cued direction (\**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001). **(C,D)** Compared to the RO task, the LO task elicited higher percentages of anticipatory saccades for all stimulus types in the 0 distractor **(C)** and 1 distractor condition **(D)**. Anticipatory saccades were significantly more likely to be in the cued direction regardless of cue type.](fpsyg-03-00202-g007){#F7}

In comparison to the RO task, the percentage of trials with anticipatory saccades was dramatically higher in the LO task (Figure [7](#F7){ref-type="fig"}C 0 distractor trials: 5.1%, Figure [7](#F7){ref-type="fig"}D 1 distractor trials: 7.3%). This is likely due to the fact that in the LO task, the cues predicted the rewarded target location. While this is strictly true only for 1 distractor trials, it has to be kept in mind that the number of distractors was unknown prior to the onset of the peripheral target. An increase in anticipatory saccades was observed in each stimulus category. Binominal tests showed that percentages of congruent-to-cue anticipatory saccades were above chance for all stimulus categories (0 distractor: monkey-face: *p* = 0.0015, off-center dot: *p* \< 0.0001, cartoon-face: *p* \< 0.0025, human-face: *p* \< 0.0025; 1 distractor: monkey-face: *p* \< 0.0001, off-center dot: *p* \< 0.0001, cartoon-face: *p* = 0.0002, human-face: *p* \< 0.012).

Microsaccades
-------------

Monkeys often made small saccades while viewing the cue stimulus. Such saccades were generally directed toward features of interest, such as the eyes. The frequency of such saccades could be considered an index of the degree to which the monkey was engaged or interested in the cue stimulus. To quantify the monkeys' level of interest in the cue stimuli, we classified rapid eye movements with amplitudes of less than 1.0° as "microsaccades" (Kliegl et al., [@B13]). We then calculated the proportion of trials with at least one microsaccade and divided these trials according to whether or not the microsaccade was congruent with the cue stimulus.

In the static cue version of the RO task, trials with monkey-face cues and cartoon-face cues had higher percentages of microsaccades (monkey-face = 23%, off-center dot = 3.7%, cartoon-face = 22.4%, human-face = 10.4%). The proportion of congruent-to-cue microsaccades (Figure [8](#F8){ref-type="fig"}A) was above chance for monkey-face cues and cartoon-face cues (Static cues: monkey-face: *p* \< 0.001, off-center dot: *p* = 0.39, cartoon-face: *p* \< 0.001, human-face: *p* = 0.26). For the dynamic cue version of the RO task (Figure [8](#F8){ref-type="fig"}B), less than 5% of trials contained microsaccades for all stimulus categories (percentages: monkey-face = 2.6%, off-center dot = 1.3%, cartoon-face = 1.6%, human-face = 2.5%). Despite the reduced number of microsaccades, binominal tests showed that percentages of congruent-to-cue microsacades were above chance for monkey-face and cartoon-face cues (Dynamic cues: monkey-face: *p* = 0.0315, off-center dot: *p* = 0.0557, cartoon-face: *p* = 0.0088, human-face: *p* = 0.2601).

![**Distribution of microsaccades in RO and LO tasks**. **(A)** Proportion of trials with microsaccades in the static RO task as a function of cue type. Binominal tests demonstrated that percentages of congruent-to-cue microsaccades were above chance for monkey-face and cartoon-face cues (\**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001). **(B)** For the dynamic RO task, fewer than 5% of trials with microsaccades were observed across all stimulus types. Percentages of congruent-to-cue microsaccades were above chance for monkey-face and cartoon-face cues. **(C,D)** In the LO task the percentages of congruent-to-cue microsaccades were above chance for all stimulus types for the 0 distractor **(C)** and 1 distractor trials **(D)**.](fpsyg-03-00202-g008){#F8}

The percentages of trials with microsaccades increased dramatically in the LO task (Figures [8](#F8){ref-type="fig"}C,D), presumably because the cues predicted reward location (percentages for 0 distractor trials: monkey-face = 13%, off-center dot = 63%, cartoon-face = 29%, human-face = 14%; percentages for 1 distractor trials: monkey-face = 14%, off-center dot = 63%, cartoon-face = 37%, human-face = 16%). The percentages of congruent-to-cue microsaccades were above chance for all stimulus categories (0 Distractor: monkey-face: *p* \< 0.0001, off-center dot: *p* \< 0.0001, cartoon-face: *p* \< 0.0001, human-face: *p* \< 0.0001; 1 Distractor: monkey-face: *p* \< 0.0001, off-center dot: *p* \< 0.0001, cartoon-face: *p* \< 0.0001, human-face: *p* \< 0.0001).

Discussion
==========

The social orienting hypothesis posits a natural link between social cues such as gaze direction and visual spatial attention. Recent work suggests that there may be distinct neural substrates for social and non-social attention (Greene et al., [@B8]; Klein et al., [@B12]). This idea can be broken down into several testable sub-hypotheses: Social cues should direct attention automatically, without the need for training. Social cues should be more potent in directing attention than non-social cues with comparable physical properties. Cues from conspecifics should be more potent than cues from other species or artificial (cartoon) images. More realistic dynamic gestural cues should be more potent than static postural cues. We tested all of these predictions in a series of experiments in which we recorded the eye movements of three rhesus monkey subjects. We confirmed the advantage of conspecific faces over that of other species and cartoons, but not over non-face stimuli (off-center dots). We found that adding motion in the form of a simulated glance had very little to no effect on enhancing the congruence effect for conspecific faces, but had a significant effect for human faces. When the cues predicted reward, subjects learned the association between cue direction and reward location. After learning, the accuracy and choice reaction time increased for all stimuli, particularly for conspecific faces. However, the congruence effect on reaction time remained largest for non-face stimuli.

Automaticity and specificity
----------------------------

We confirmed previous reports (Deaner and Platt, [@B3]) that gaze cues (pictures of conspecifics faces looking to the left or right) are associated with reflexive orienting of attention in rhesus macques (Figure [4](#F4){ref-type="fig"}A). We used a Posner paradigm in which the cued direction was not predictive of the location of the peripheral saccade target. Nevertheless, response times for saccades to the peripheral target were faster when the target location was congruent with the gaze direction of the conspecific (monkey) face cue and slower when the target and cue were incongruent. The magnitude of the congruence effect on saccade initiation for conspecific face cues averaged about 5.3 ms. Due to our small sample size, we also tested for inter-subject variability and we did not find a significant effect across subjects. It is important to keep in mind that our observations were not conducted in the wild but in a captive population. Since these monkeys have been living in confinement since birth and with limited contact from other monkeys as adults, we did not address the issue of dominance in this study. All pictures of monkeys used in this study were unfamiliar monkeys with neutral expressions chosen from the database of pictures from Yerkes Regional Primate Center. Monkeys had been previously trained to perform visual psychophysical and oculomotor tasks such as discriminating the speed of random dot patterns or tracking moving targets. The random dot stimuli were quite different than the cue stimuli used in the current study, and it is difficult to imagine that there would be any carryover from discriminating random dot motion to attending to faces or single dots. Tracking moving targets is something that monkeys do naturally (indeed, they can often be "trained" to perform smooth pursuit tasks in a matter of minutes).

The congruence effect for gaze cues is typically interpreted as resulting from a complex series of neural processes: (1) animals decode information about the direction of gaze of conspecifics from a complex visual stimulus, (2) they interpret the implicit social message, i.e., "something interesting is happening over there," and (3) this message automatically directs their attention to the cued location. However, so far, a simpler alternative has not been excluded: the attention cue is encoded by means of a physical feature, i.e., the relative positions of the pupils in the eyes. It is in principle possible that this physical feature alone directs attention in a manner similar to a non-social spatial cue, in our case the off-center dot. Our data allow us to dissociate the two mechanisms. In particular, we show that human and cartoon faces that share a physical feature (relative position of pupils in the eyes) do not appear to guide attention. Only monkey faces reliably guided attention toward the cued direction. One would like to conclude that the effect of monkey-face cues is due to the social message they encode. However, this interpretation is clouded by the fact that a simple offset dot cue produced effects comparable to the monkey faces. This control condition was not present in Deaner and Platt ([@B3]), presumably because no effect was expected. The finding of a robust effect raises the possibility that purely abstract stimuli can produce effects comparable to social stimuli. Thus, while one can conclude that attending to monkey faces conferred an attentional advantage over human and cartoon faces (and this may be due to social attention), it was not the case that monkey faces were the most potent attention cues overall.

Postural vs. gestural cues
--------------------------

Gestures may be more realistic and salient than static postural cues, and hence more effective in directing attention. Gestures may also induce a "mirroring" response in which the subject imitates the movement performed by the cue image. We tested this by designing cue stimuli that simulated a "glance" with two-frame motion. We found that this dynamic gestural cue enhanced the congruence effect by at least 2 ms for all stimuli except monkey-face cues (Figure [4](#F4){ref-type="fig"}C). For monkey faces, the effect of adding motion was only 0.7 ms more than the static cue (Figure [4](#F4){ref-type="fig"}A). Adding motion dramatically increased the percentage of anticipatory saccades for all stimuli (compare Figure [7](#F7){ref-type="fig"}A, static, vs. Figure [7](#F7){ref-type="fig"}B, dynamic), but these anticipatory saccades were equally likely to be congruent or incongruent with the direction of motion in the cue.

One possible explanation for the weak effects of motion in the monkey-face cues is the fact that, unlike a human eye, the rhesus eye has low contrast between the pupil, iris, and sclera, thus creating the least amount of motion energy (Figure [2](#F2){ref-type="fig"}B). It has been suggested that the human eye is uniquely suited to promote fast discrimination of gaze direction, for it has a much higher dark-iris-to-white contrast compared to non-human primate eyes (Kobayashi and Koshima, [@B14]). We computed motion energy (Figure [2](#F2){ref-type="fig"}B) for each image class individually to assess whether or not it was a significant factor in determining congruence effects. We found that cartoon faces and dots possessed the strongest motion energy due to the fact that their features had the highest contrast. However, motion in the cue stimulus had the biggest behavioral effect for human faces, despite their comparatively low motion energy. Hence, it seems unlikely that motion energy was a significant factor in orienting of attention. In fact, while static human-face cues failed to elicit a significant effect, dynamic human-face cues did produce a significant congruence effect. This suggests that static human faces lack the intrinsic value that reflexively drives social attention. However, in the context of a dynamic gesture, which is more realistic, human faces may come to acquire a similar degree of social significance as conspecific faces.

Because cartoon faces were made up of high contrast edges, these images had the largest Fourier amplitude (Figure [2](#F2){ref-type="fig"}A) across all spatial frequencies and also the highest motion energy (Figure [2](#F2){ref-type="fig"}B). However, both static and dynamic cartoon faces were consistently the least effective stimuli for guiding attention. We can infer that high contrast image features, such as the contour lines that define a cartoon face, are not sufficient to drive attention, thus explaining why cartoon faces may not function effectively as social cues.

Effects of learning
-------------------

The current findings raise a key question: are macaques able to decode the social message inherent in human and cartoon face images? If so, the lack of an effect for these stimuli would arise because monkeys do not act on the social message, presumably because they do not consider the focus of attention of a human (or cartoon) subject worthwhile. This could be changed if the monkeys learn that the direction of gaze of human or cartoon faces is predictive of reward. Thus, in addition to reflexive orienting of attention, we also studied overt choice behavior in response to face and non-face cues in the Learned Orienting (LO) task. We made both the face and non-face stimuli equally valuable in terms of predicting the rewarded target location.

Accuracy (percent correct) for the LO task improved over sessions for all stimulus categories (Figures [5](#F5){ref-type="fig"}C,D). However, subjects demonstrated the best performance for non-face off-center dot cues. Performance for monkey faces was better than for human and cartoon faces. Thus, monkey faces yielded better performance than other face stimuli, but not the best accuracy overall.

After learning, there was an increase in the choice reaction time difference between correct and incorrect trials averaged over all stimuli (Figures [5](#F5){ref-type="fig"}A,B). This is expected if learning influences a diffusion-to-bound decision process (Ratcliff and McKoon, [@B21]) by increasing the rate of evidence accumulation for the cued target. While the choice RT difference was significant for all stimuli, the effect was roughly twice as large for monkey faces than for other stimuli (Figure [6](#F6){ref-type="fig"}B). Taken together, accuracy and RT data suggest that monkey faces were most effective in inducing learning.

For trials with no distractor, learning did not increase the congruence effect on reaction time for any stimulus category (compare Figures [4](#F4){ref-type="fig"}C and [6](#F6){ref-type="fig"}A). However, learning did increase the overall frequency of anticipatory saccades and microsaccades as well as the proportion of these saccades that were congruent with the cue. These effects were strongest for non-face cues.

To interpret results from the learned orienting task, we must consider both the decision-making and attention components of the task. The aspects of the task that reflect decision-making (accuracy and choice RT) were enhanced by learning and this enhancement was strongest for monkey faces and non-face cues. Given that accuracy was about the same for both monkey faces and non-face cues, but that choice RT differences were much greater for monkey faces, the latter cue category appears to mediate the strongest effects of learning on decision-making.

Aspects of the task that are more closely associated with attention (congruence effect, anticipatory saccades, microsaccades) were either not enhanced by learning or enhanced most for non-face stimuli. For face stimuli, the effects of learning appear to be stronger for behavioral outputs that are associated with decision-making than those associated with attention.

General Conclusions
===================

Taken as a whole, the findings of the current study suggest that gaze direction cues, which are sometimes assumed to be inherently social, can direct attention automatically regardless of the reward value associated with the cue. This effect is species-specific, as attentional effects for monkey faces were always stronger than those for human and cartoon faces. However, all face stimuli showed weaker effects when compared to the most rudimentary non-social stimuli. This study also showed that motion generally enhances the magnitude and reliability of attentional effects for all stimuli. When the cues were predictive of reward, monkeys learned this association for all stimuli, regardless of social or non-social content. Learning affected both attention-related and decision-related aspects of the task. The decision-related learning was strongest for monkey faces, while attention-related learning was strongest for non-face stimuli.
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